A hyperthermophilic methanogen, strain JH146
A hyperthermophilic methanogen, strain JH146
T , was isolated from 26 6C hydrothermal vent fluid emanating from a crack in basaltic rock at Marker 113 vent, Axial Seamount in the northeastern Pacific Ocean. It was identified as an obligate anaerobe that uses only H 2 and CO 2 for growth. Phylogenetic analysis based on 16S rRNA gene sequences showed that the strain is more than 97 % similar to other species of the genus Methanocaldococcus. Therefore, overall genome relatedness index analyses were performed to establish that strain JH146 T represents a novel species. For each analysis, strain JH146 T was most similar to Methanocaldococcus sp. FS406-22, which can fix N 2 and also comes from Marker 113 vent. However, strain JH146 T differs from strain FS406-22 in that it cannot fix N 2 . The average nucleotide identity score for strain JH146 T was 87 %, the genome-to-genome direct comparison score was 33-55 % and the species identification score was 93 %. For each analysis, strain JH146 T was below the species delineation cut-off. Full-genome gene synteny analysis showed that strain JH146 T and strain FS406-22 have 97 % genome synteny, but strain JH146 T was missing the operons necessary for N 2 fixation and assimilatory nitrate reduction that are present in strain FS406-22. Based on its whole genome sequence, strain JH146 T is suggested to represent a novel species of the genus Methanocaldococcus for which the name Methanocaldococcus bathoardescens is proposed. The type strain is JH146 T (5DSM 27223 T 5KACC 18232 T ).
The genus Methanocaldococcus was proposed when the order Methanococcales was reclassified to reduce the diversity of each genus within the order (Boone et al., 1993) . It consists of strictly hyperthermophilic, hydrogenotrophic methanogens that are obligately anaerobic and coccoidal (Boone et al., 1993; Whitman & Jeanthon, 2006) . In this study, the complete genome sequence of a strain of the genus Methanocaldococcus, strain JH146 T , was used to establish the novelty of the strain. The strain was isolated from 26 u C hydrothermal fluid that was flowing from a crack in basaltic rock at Marker 113 vent at Axial Seamount on the Juan de Fuca Ridge in the northeastern Pacific Ocean (Ver Eecke et al., 2012 , 2013 ). The strain used only H 2 as its electron donor and CO 2 as its sole electron acceptor and carbon source (Ver Eecke et al., 2013) . Strain JH146 T grew within the temperature range of 48-90 u C with an optimum temperature of 82 u C, within the pH range of 4.5-9.0 with an optimum pH of 7.0 and within the chlorinity range of 127-974 mM chloride with an optimum chlorinity of 358 mM (Ver Eecke et al., 2013) . Its phenotypic characteristics were very similar to all other species of the genus Methanocaldococcus (Table 1 ).
The phylogenetic relatedness of strain JH146
T to other species of the genus Methanocaldococcus was determined using 16S rRNA gene sequences obtained from the Ribosomal Database Project (Cole et al., 2007) and comparing them via MEGABLAST (McGinnis & Madden, 2004 T in that only the former strain can fix N 2 (Ver Eecke et al., 2013). We aligned sequences representing all species of the order Methanococcales using the default settings for CLUSTAL W (Larkin et al., 2007) in MEGA6 software (Tamura et al., 2013) . We reconstructed neighbour-joining phylogenetic trees in MEGA6 with the JukesCantor model and bootstrap values obtained from 500 replicate trees (Fig. 1 ). According to this alignment, the closest relatives of strain JH146
T were Methanocaldococcus sp. FS406-22, M. jannaschii DSM 2661 T and M. fervens AG86 T .
Since the 16S rRNA gene sequences of species of the genus Methanocaldococcus generally show more than 97 % identity across the genus (Fig. 1) , the complete genome sequence of strain JH146
T was compared with the complete genome sequences of its closest phylogenetic relatives and all other complete genome sequences of members of the genus Methanocaldococcus using overall genome relatedness index (OGRI) analyses (Chun & Rainey, 2014) . All genome sequences were obtained from the GenBank sequence database (Table 2) . We calculated the BLAST-based average nucleotide identity (ANI) score using the JSpecies program with the default parameters (Goris et al., 2007; Richter & Rosselló -Mó ra, 2009 ). Genome-to-genome direct comparison (GGDC) analyses were performed using all three equations in the GGDC program, version 2.0 (Auch et al., 2010) . Forty marker genes were compared between strain JH146
T and its closest relative, Methanocaldococcus sp. FS406-22, using the species identification (SpecI) program (Mende et al., 2013) . The program BLASTZ (Schwartz et al., 2003) and the synteny mapping and analysis program SyMAP, version 4.0 (Soderlund et al., 2011) were used to compute synteny blocks between the genome sequence of strain JH146
T and those of all other members of the genus Methanocaldococcus to determine which genes are present or absent in JH146
T relative to its closest relatives.
For each OGRI analysis, strain JH146 T was most closely related to Methanocaldococcus sp. FS406-22 (Table 2 ). The ANI score for the strain comparison between JH146
T and Methanocaldococcus sp. FS406-22 was 87 %, which is below the 96 % cut-off value for species determination by this approach. The GGDC calculations with BLAST+ for strain JH146
T and Methanocaldococcus sp. FS406-22 gave DNA-DNA homology values of 55, 33 and 49 % for the three equations in the program, which are below the 60 % cut-off for delineating species by this approach. The SpecI analysis for strain JH146 T and Methanocaldococcus sp. FS406-22 gave an average identity of 92.5 %, which is below the 96.5 % cut-off for delineating species by this approach, with all 40 gene homologies below the species cut-off. Therefore, all three OGRI analyses indicated that strain JH146
T represents a novel species.
SyMAP analysis showed that strain JH146 T shares 97 % genome synteny with Methanocaldococcus sp. FS406-22 and 94 % genome synteny with M. jannaschii DSM 2661 T . JH146 T and M. jannaschii DSM 2661 T lack the operons present in FS406-22 that encode nitrogen fixation (MFS40622_0031 to MFS40622_0035) and assimilatory nitrate reduction (MFS40622_1410 to MFS40622_1412). JH146
T has sulfur-metabolism related proteins such as DsrE and DsrH (JH146_1140 to JH146_1143) that are missing in T has a number of chemotaxisrelated proteins (JH146_0928 to JH146_0944) and clustered regularly interspaced palindromic repeat-associated proteins (JH146_0426 to JH146_0433) that are missing in both FS406-22 and M. jannaschii DSM 2661 T . Therefore, based on its whole genome sequence, strain JH146
T is suggested to represent a novel species of the genus Jeanthon et al. (1998 Jeanthon et al. ( , 1999 Methanocaldococcus for which the name Methanocaldococcus bathoardescens sp. nov. is proposed. 
Description of

